The rumen microbiota (bacteria, protozoa, archaea and fungi) can be considered as the key link between the ruminant animal and its diet. Each microbial species possesses a particular combination of characteristics including substrate utilized and type of fermentation products. The resulting fermentation products affect performance and efficiency with which feeds are utilized for production purposes (Baldwin, 1995) . As a result, relative proportions of nutrients available for absorption by the animal can be expected to change with diets, microbial populations (MP) and activity of individual rumen microbial species. based on inoculum from sheep diets with the respective C:R ratio. Gas and ammonium production increased (p < 0.001) as a result of a gradual increase in concentrate proportion of the diets. In general, SCFA production followed the same trend. Whole rumen fluid and bacteria + fungi produced approximately 50% higher gas volume than protozoa and fungi + protozoa fractions, whereas gas production with bacteria + protozoa was at an intermediate level. Coculture of protozoa either with bacteria or with fungi produced more ammonium. Populations without bacteria were characterized by a particularly high acetate/propionate ratio. Although an interaction between microbial group and diet was observed for several variables, no clear direction could be established. Manipulating rumen fluid by selectively suppressing specific rumen microbial groups may be a helpful tool in elucidating their role in nutrient degradation and turnover in vitro.
| Protein metabolism
Often, bacteria have been reported to be primarily responsible for degradation of protein and amino acids, releasing subsequently ammonium (Broderick, Wallace, & Ørskov, 1991; Cotta & Hespell, 1986; Wallace, 1996) , whereas protozoa are thought to have a minor role (Chen & Wolin, 1979; Dennis, Nagaraja, & Bertley, 1981; Nugent & Mangan, 1981) , for example reported to be one-tenth of the specific activity of the bacteria (Forsberg, Lovelock, Krumholz, & Buchanan Smith, 1984) . However, other studies reported synergism between bacteria and protozoa leading to higher ammonia production (Hino & Russell, 1987) or stated that more than one-half of the proteolytic activity of mixed MP is due to protozoa (Blackburn & Hobson, 1960; Warner, 1956) . Bacteria contributed 460 g/kg, and protozoa contributed 200 g/kg to rumen nitrogen (Weller, Gray, & Pilgrim, 1958) ; however, addition of protozoa to bacteria fermentations increased ammonium production as much as 40% (Luther, Trenkle, & Burroughs, 1966) .
Bacteria contribute to deamination of soluble protein, while protozoa contribute to insoluble and particulate protein deamination (Hino & Russell, 1987) . Thus, physical form of diet and changes in rumen MP are among the most important factors in the relative contribution of bacteria and protozoa to the end products of rumen fermentation.
| Carbohydrate metabolism
A complex consortium of rumen microbiota (bacteria, protozoa and anaerobic fungi) is considered to be responsible for degradation of polysaccharides in the rumen (Schofield, 2000) . Starch as a major polysaccharide is degraded by several bacteria like Ruminobacter amylophilus or Prevotella ruminicola (Cotta, 1988) , but also entodiniomorph protozoa (Williams & Coleman, 1997) and some fungi (Trinci et al., 1994) . Cellulolytic bacteria such as
Ruminococcus albus, R. flavefaciens and Fibrobacter succinogenes
are reported as major micro-organisms associated with ruminal digestion of plant cell wall ingested by the animal because of their numerical predominance and metabolic diversity (Cheng, Forsberg, Minato, & Costerton, 1991; Dehority, 1993; Stewart & Bryant, 1988; Stewart, Paniagua, Dinsdale, & Cheng, 1981; Varel, 1989; Zhang, Gao, & Meng, 2007) . Nevertheless, protozoa and anaerobic fungi have also been reported to be involved in fibre degradation. Depending on diet, protozoa have been demonstrated to digest 50-210 g/kg of the cellulosic materials (Dijkstra & Tamminga, 1995) .
Moreover, Hungate (1966) suggested that one-fifth of the fermentation acids produced in the rumen is contributed by rumen protozoa. Also, Abou Akkada and El-Shazly (1964) found a pronounced rise in SCFA levels (and ammonia) in faunated in relation to protozoa-free animals.
| Goals of the study
This study was conducted to quantify the effect of reduction of particular rumen microbial groups on organic matter (OM) degradation measured as gas production (GP) and short-chain fatty acid (SCFA) production and ammonia release using the Hohenheim gas test (HGT). To achieve this objective, four different depleted MP were established in vitro by chemical and physical methods; in vitro trials were performed using a variety of concentrate-roughage ratios (C:R) with inoculum from donor animals adapted to the respective C:R ratio.
| MATERIAL S AND ME THODS
All data on GP, SCFA and ammonium were quantified in the trials of a study on the quantification of ruminal ochratoxin A (OTA) degradation (Mobashar et al., 2012) .
| Donor animals, feeding regime and in vitro substrates
Rumen fluid was obtained from three cannulated Blackface ewes [60 (standard deviation (SD) 10) kg body weight]. Animal care and experimental procedures were conducted according to the German Guidelines and Regulations on Animal Care (Deutsches Tierschutzgesetz) and were approved by the University of Bonn Committee on Animal Care. The diets fed to the animals had C:R of 10:90, 30:70, 50:50, 70:30 and 90:10; both diets with the highest concentrate proportions were also fed with NaHCO 3 (10 g/kg of the diet, 70:30BC; 90:10BC). Roughage was meadow grass hay, and concentrate was a compound feed (Table 1) . The diet was given in two equal meals at 07:00 and 14:30 hr. Animals were fed each diet for a 14-day adaptation period. The dietary C:R ratio was shifted for all three animals in parallel, in the order of concentrate proportion, starting with the lowest (Table 2) . Water was available ad libitum.
The pH of freshly collected rumen fluid was measured and varied from 6.6 to 6.9 in the whole range of diets.
Test diets for HGT were (C:R) 10: 90, 30:70, 50:50, 70:30 and 90 :10 with different levels of wheat grain and grass hay (Table 1) . Samples were milled using 1-mm sieve in a centrifugal mill (type ZM1, Retsch, Haan, Germany) and stored in airtight plastic containers.
| Rumen fluid collection and rumen microbial populations
Incubation techniques and the establishment of the different MP have been described in Mobashar et al. (2012) . In vitro incubations were based on inoculum from donor animal diets of the respective C:R ratio ( Table 2 ). The standard HGT according to Menke et al. (1979) and Menke and Steingaß (1988) represented the starting inoculum for all five rumen MP (whole rumen fluid; fungi + protozoa; bacteria + protozoa; protozoa; and bacteria + fungi). While whole rumen fluid represents the population of the standard HGT procedure, in the fungi + protozoa, bacteria + protozoa and protozoa populations, parts of the microbes were switched off chemically.
This was performed using penicillin-G plus streptomycin sulphate to suppress bacteria (fungi + protozoa), clotrimazole to suppress fungi (bacteria + protozoa) or a combination to suppress both (protozoa).
Populations were treated twice with the respective antibiotics (once the day before/overnight and again directly before the use of the inoculum). The bacteria + fungi population was created by reducing protozoa numbers by approximately one order of magnitude via centrifugation by 200 g for 3 min at room temperature (Mendoza, Britton, & Stock, 1995) . Supernatant, considerably reduced in protozoa, was used as a source of microbes for the incubation inoculum. We were able to track the effectiveness of the treatment meant to reduce the protozoa numbers. These were 20*10 6 ml −1 in the incubations without centrifugation and 1.2*10 6 ml −1 in the incubations using centrifuged inoculum (Mobashar et al., 2012) . The actual bacterial and fungal numbers were not quantified in this study.
All incubations received the amount of buffering substances as in a standard HGT run (mainly NaHCO 3 ), which is sufficient to allow a safe fermentation of pure concentrates. A stable pH was therefore guaranteed in all incubations. Opportunistic checks of the inoculum pH after incubation resulted in a range of pH values of 6.4-6.7.
All the syringes were incubated in the HGT incubator, and gas production was recorded at 4, 8, 12 and 24 hr; incubated contents were taken from these incubations for ammonium analysis. Samples for SCFA analysis were taken at 24 hr. Per run, eight syringes were incubated for every diet-MP combination. Two runs on different days were performed, resulting in four observations for each measure at each time point.
| Preparation of antibiotic and fungicide solutions
One millilitre of antibiotic stock solution contained 60,000 U (37.5 mg) of penicillin-G (Sigma-Aldrich, St. Louis, MO, USA) and 3,900 U (5.34 mg) of streptomycin sulphate (Sigma-Aldrich). One millilitre of the stock solution was added to each fermentation syringe (total volume, 30 ml). Clotrimazole (Sigma-Aldrich) was used at the final concentration of 0.9 mg/ml to inhibit the fungal growth.
The antibiotic and fungicide solutions were prepared by dissolving in Millipore water. 
|

| Short-chain fatty acids
Short-chain fatty acid (SCFA) analysis of 24-hr incubated residues was conducted using gas chromatography (Autosystem XL with autosampler; PerkinElmer, Waltham, MA, USA). Samples (1.5 ml)
were prepared by mixing with 0.1 ml of formic acid. Gas chroma- TA B L E 2 Type and time sequence of the donor animal diet/in vitro substrate combinations used in the study (concentrateroughage ratios in % dry matter) No results on SCFA concentrations are available for the 90:10 and 90:10BC diet due to spoilage of samples.
| Statistical analysis
For statistical analysis of GP and ammonium, the least-squares ( (Table 3) .
ANOVA results revealed that gas production was affected by both diet (p < 0.001) and MP (p < 0.001), with interaction between the factors (p < 0.001). In mean comparisons (Table 4) Figure 2 shows the development of ammonium over time for the different MP at the 50:50 diet. Both diet (p < 0.001) and MP (p < 0.001) had an effect in the ANOVA for ammonium production; interaction between the factors was present (p < 0.001) ( Table 3 ).
| Ammonium production
The MP with protozoa (bacteria + protozoa, fungi + protozoa, protozoa) had higher values than the control (whole rumen fluid) and
F I G U R E 1 Gas production of different microbial populations (diet 50:50 concentrate-roughage). Means ± SD (Table 5 ). Concerning the effect of diet on ammonium, a linear effect was present for all MP, in some cases combined with either a quadratic (protozoa) or cubic effect (fungi + protozoa; bacteria + protozoa) or both (bacteria + fungi). Little effect of an addition of BC to sheep diets on ammonium levels was visible (p < 0.001 only for the protozoa MP).
| Short-chain fatty acids
For whole rumen fluid, the average values for acetate, propionate and n-butyrate were 14.1, 5.3 and 2.7 mmol/L, respectively, with a resulting acetate-propionate molar ratio of 2.7. In the ANOVA, acetate concentration was influenced by diet (p = 0.006) and MP (p < 0.001), whereas no interaction between the factors was present (p = 0.281, Table 6 ). In the MP without bacteria, less acetate was found than in whole rumen fluid (p = 0.001) and in the other MP with bacteria (p = 0.002). Acetate production increased linearly with concentrate proportion (p = 0.001).
For propionate, diet (p = 0.001) and MP (p = 0.001) both had an effect, and interaction between the factors was also present (p = 0.007, Table 6 ). Populations without bacteria had a lower propionate level than populations with bacteria and whole rumen fluid (Table 7) . A simple linear increasing effect was only present for bacteria + fungi (p = 0.003).
The n-butyrate production was influenced by diet (p < 0.001) and MP (p < 0.001), with interaction between the factors being present (p = 0.002, Table 6 ). The MP with bacteria had higher nbutyrate concentrations than those without only for the 50:50 diet (p = 0.001, Table 8 ). Little effect was detectable for an addition of BC to sheep diets for the different SCFA (only for propionate with whole rumen fluid and bacteria + protozoa; p = 0.008 and 0.015, respectively).
Concerning the acetate-propionate ratios, there was a significant effect of diet (p = 0.003) and MP (p = 0.001), whereas no significant interaction was present between the factors (p = 0.151). In the MP without bacteria, acetate-propionate ratio was higher than that in whole rumen fluid (p = 0.001) and MP with bacteria (bacteria + protozoa, bacteria + fungi) (p = 0.001). Bacteria + protozoa also had higher values than bacteria + fungi (p = 0.008).
| D ISCUSS I ON
The production of SCFA and microbial crude protein based on the degradation of feed constituents accounts for the majority of the nutrients that are utilized by the host animal and these nutrients arise from the diverse microbial activities present in the rumen (Hobson & Wallace, 1982; Hungate, 1966; Prins, 1977; Russell, 1983) . In vitro GP, SCFA and ammonium can thus be investigated to study microbial activity (Abou Akkada & El-Shazly, 1964; Van Hoven & Boomker, 1985) .
| Hohenheim gas test-characteristics of an in vitro system
The HGT in its original intention was meant as a tool to estimate organic matter digestibility (and therefore energy content) of ruminant feeds (Menke et al., 1979) . Correspondingly, the major nutritional limitation to the MP is energy, since other nutrients like N (as NH 4 + ) are supplemented in amounts safely assuring 24-hr supply to microbes even if highly digestible samples are incubated. Since its introduction, the HGT experienced many extensions (for some general review, see Blümmel, Makkar, & Becker, 1997 , Getachew, Blümmel, Makkar, & Becker, 1998 , such as protein value (utilizable crude protein at the duodenum-uCP, a precursor to metabolizable protein) (Leberl, Gruber, Steingass, & Schenkel, 2007; Steingaß, Nibbe, Südekum, Lebzien, & Spiekers, 2001) , investigations on methane development (Soliva, Hindrichsen, Meile, Kreuzer, & Machmüller, 2003) , effects of secondary plant compounds (Khazaal, Boza, & Ørskov, 1994; Makkar, Blümmel, & Becker, 1995) or metabolism of mycotoxins in the rumen (Blank, Münster, Westphal, & Wolffram, 2002) . Among the advantages of the HGT, making the system particularly attractive for questions involving changes in MP is its capacity to keep protozoa numbers at a high level during normal durations of fermentation (e.g., 24 hr). This is in contrast to some continuous culture approaches, where protozoa may be washed out to some extent (Czerkawski & Breckenridge, 1979; Williams & Coleman, 1997) .
TA B L
Besides this, also the acetate-to-propionate ratios measured in the system underline the general proximity of the standard MP in the HGT (whole rumen fluid) to a native rumen population (e.g., 2.6-3.7
according to Kirchgeßner, 2004) . Significant deviation in other in vitro approaches in this respect indicates more significant shifts from native rumen conditions in important characteristics.
When using in vitro incubation to study the influence of particular groups of rumen organisms, several points deserve consideration. Among them is that depletion cannot be considered as being complete in most cases. In this study, this is obvious for bacteria + fungi, where physical depletion of protozoa led to a decrease by one order of magnitude, but not to complete TA B L E 4 Least-squares means for gas production with different diets and rumen microbial populations (LS means of 4-, 8-, 12-and 24-hr incubations); BC diets are not included in the polynomial contrast analysis Diet (C:R) Gas production (ml/200 mg DM) Note. WRF: whole rumen fluid = control; F + P: fungi + protozoa; B + P: bacteria + fungi; P: protozoa; B + F: bacteria + fungi; DM: dry matter; C:R: concentrate-roughage; BC: sodium bicarbonate.
F I G U R E 2 Ammonium production by different microbial populations (diet 50:50 concentrate-roughage). Means ± SD to those affected by penicillin (Schlegel, 1992) . Clotrimazole is a broad-spectrum antifungal, its major mode of action being the inhibition of ergosterol synthesis, an important component of fungal cell membranes; however, it also impacts on some Grampositive bacteria like Staphylococcus (Holt & Newman, 1972) . It should also be kept in mind that in our approach to reduce protozoa numbers via centrifugation, some additional O 2 contamination is likely to occur. However, since the GP of the bacteria + fungi population was rather on the level of whole rumen fluid, there is little indication for a particularly extensive inhibition of this MP by O 2 . One may speculate on the effect of the treatments on the fourth large rumen microbial group, the rumen archaea. In general, archaea are considered to be relatively resistant against most antibiotics in a review on clinical microbiology of archaea (Khelaifia & Drancourt, 2012) . This is particularly true for β-lactam-based antibiotics like penicillin, inhibiting cell wall formation of eubacteria, while streptomycin as an inhibitor of protein synthesis potentially could have more effect. Since many ruminal archaea are considered to inhabit protozoa, the bacteria + fungi population may have been archaea depleted to some extent. However, given the maximal fermentation time of 24 hr in this trial, any effect of the archaea population on the variables measured in this study appears to be very limited.
In any evaluation of ruminal metabolism, the interpretation of the measured variables will include some ambiguities. In our example, besides a direct influence of the respective microbial group, GP and ammonium can be influenced by several other factors: GP will be positively related to degradability of feed, while, for a given degradability, it is likely to be negatively related to the production of microbial mass, since more carbon will be bound in microbes. Ammonium will be positively related to the degradation rate of feed protein and also bacterial protein (the latter by protozoa), while there will be a negative relation to the formation of microbial mass and fermentable energy available from the substrate. So any interpretation (especially TA B L E 5 Least-squares means for ammonium production with different diets and rumen microbial populations (mean of 4-, 8-, 12-and 24-hr incubation); BC diets are not included in the polynomial contrast analysis Note. WRF: whole rumen fluid = control; F + P: fungi + protozoa; B + P: bacteria + fungi; P: protozoa; B + F: bacteria+fungi; C:R = concentrate-roughage, BC: sodium bicarbonate.
of ammonium) necessarily includes some assumptions. For both variables, measures were performed at four different times. The evaluation of data was made on the level of the LS means of the values of the four reading times (4, 8, 12 and 24 hr), representative for both the total amounts present and formation rate.
| Gas and ammonium production
In general, the influence of diet on GP was as expected; for the MP whole rumen fluid, the standard HGT inoculum, each increase in concentrate proportion by 200 g/kg led to a corresponding increase of gas production by 4.5 ml/200 mg DM for the values as given in Table 4 . The effect of concentrate level on gas production was assumed to be one of the most predictable in this study, given that the HGT represents an in vitro system built to evaluate differences in OM digestibility of feeds. Indeed, four of five possible polynomial contrasts were linear as can be expected, one of the more severely changed populations (fungi + protozoa) being the only exception (with an additional quadratic effect). In general, it is getting very clear from the data that a lack of bacteria has the most important (decreasing) effect on GP. This is most likely due to a corresponding decrease in digestive capacity. Considering the overall literature on the role of different microbial groups on ruminal metabolism, most focus is on fibre (e.g., Yoder, Trenkle, & Burroughs, 1966 , Chesson & Forsberg, 1997 (for some review), Lee et al., 2000 , Zhang et al., 2007 and protein (Wallace, Onodera, & Cotta, 1997) digestion. The focus on fibre digestion implies that this is considered a particularly sophisticated feature among ruminal microbes, where more significant differences can be expected than in other metabolic characteristics, for example capacity to digest starch. Accordingly, one could expect the difference between MP to be more pronounced in diets high in roughage in relation to those high in concentrate in this study.
TA B L E 6 Short-chain fatty acid (SCFA) production with different diets and microbial populations (MP; 24-hr incubations) In fact, there was an interaction between the factors MP and diet.
However, when evaluating the data, for example, by dividing the GP of whole rumen fluid by that of a depleted MP like fungi + protozoa for the individual diets, no indication for a systematic change of this value with concentrate level was present.
The comparison of bacteria + protozoa and bacteria + fungi indicates that bacteria + protozoa yield lower GP values.
Interestingly, in other characteristics depending in some way on "metabolic activity" of the MP like OTA degradation, no clear difference between these MP was obvious (Mobashar et al., 2012) .
If at all, bacteria + protozoa showed slightly greater OTA-degrading activity. Differences in the final destination of substrate degraded have been described on different occasions for ruminal digestion. The partitioning factor (Blümmel, Schröder, Südekum, & Becker, 1999) , calculated as (substrate actually degraded/GP), differentiates between conditions (in their study different feeds)
TA B L E 7 Least-squares means for propionate production with different diets and rumen microbial populations; the 70:30BC diet was not included in the polynomial contrast analysis Note. WRF: whole rumen fluid = control; F + P: fungi + protozoa; B + P: bacteria + fungi; P: protozoa; B + F: bacteria + fungi; C:R: concentrate-roughage; BC: sodium bicarbonate.
TA B L E 8 Least-squares means for n-butyrate production with different diets and rumen microbial populations; the 70:30BC diet was not included in the polynomial contrast analysis Note. WRF: whole rumen fluid = control; F + P: fungi + protozoa; B + P: bacteria+fungi; P: protozoa; B + F: bacteria + fungi; C:R: concentrate-roughage; BC: sodium bicarbonate.
where most of the substrate degraded is fixed as microbial mass (less GP) or is degraded to the level of SCFA (more GP). However, a first check of this explanation (less GP, but more microbial mass production in bacteria + protozoa in relation to bacteria + fungi)
is hampered by the fact that higher ammonium occurred in the bacteria + protozoa population, implying less fixation of N (as microbial mass) in this population (see the section below). However, in this respect, it could be speculated that in being protozoa depleted, bacteria + fungi may represent a unique population.
Protozoa have been shown by many studies to increase ammonium levels considerably (e.g., Warner, 1956 ), a result that was largely confirmed by this study.
As a background for any interpretation of ammonium values, the interrelationships as assumed for the estimation of uCP from ammonium contents in the modified HGT (Steingaß et al., 2001) need to be reminded: changes in ammonium levels give an indi- 
| Short-chain fatty acids
As it represents the basic principle of the HGT and any other in vitro gas production system, total SCFA production is highly correlated with GP; in the HGT, approximately 500 ml/L represents the waste gases CO 2 and CH 4 , and the other 500 ml/L comes from CO 2 from the buffering reaction (Blümmel, Aiple, Steingaß, & Becker, 1999 Tables 3 and 4 represent means of the GP of 4, 8, 12 and 24 hr respectively. The latter value thus integrates both total degradability and degradation rate of the substrate; differences due to degradation rate will be less relevant in SCFA than in GP evaluation, therefore. However, whatever the explanation is, the lack of a clear linear effect of diet on propionate and butyrate is considered as surprising.
One of the most prominent results from SCFA analysis were the very low propionate contents in the populations without bacteria (fungi + protozoa and protozoa; 1.3 and 0.7 mmol/L, respectively; Table 6 ) in relation to those including bacteria (whole rumen fluid; bacteria + protozoa; bacteria + fungi; 5.3, 4.0 and 7.3 mmol/L, respectively). The low propionate levels become understandable from the fact that protozoa have acetate and butyrate as major fermentation products (Williams & Coleman, 1997) , although also minimal amounts of propionate (~0.01 mol/mol of acetate) have been reported in Dasytricha incubations (Ellis, McIntyre, Saleh, Williams, & Lloyd, 1991) . Ruminal fungi mainly produce acetate and lactate (Orpin & Joblin, 1997) .
While most information on acetate-propionate ratios focuses on influence of feeds on this fermentation characteristic, in our approach, both diet and MP had a large influence. Average acetate-propionate ratios of 2.7 (whole rumen fluid), 4.5 (bacteria + protozoa) and 2.1 (bacteria + fungi) were measured, in relation to 9.2 (fungi + protozoa) and 13.4 (protozoa) in MP without bacteria. The range of average acetate-propionate ratios across diets was much narrower (4.7-7.9). In vivo, ruminal acetate-propionate ratios of dairy cattle are reported to range between 2.6 (on pasture) and 3.7 (during winter feeding) (Kirchgeßner, 2004) , or between 3.6 (moderate roughage diet, 600 g/kg DM concentrate) and as low as 1.2 (low roughage diet, 900 g/kg DM concentrate) (Sutton et al., 1988) .
| Influence of NaHCO 3
Little effect of BC addition on results was found in this study. Since no BC was added to the in vitro incubations (HFT buffer alone guarantees sufficient buffering capacity), any effect would have been based on shifts in the MP of donor animals. The lack of an effect implies that shifts in concentrate-roughage ratio in the range of this study did not lead to serious changes in the ruminal MP during the adaptation period. While a concentrate level of 90% as applied in this trial can be considered as very high, total amounts of feeds given were rather low (as appropriate for animals with maintenance energy and nutrient requirements), confirming experience that consequences of low roughage and thus high concentrate intakes are much more relevant at the high intakes of producing animals.
| CON CLUS ION
The microbial population of the rumen represents a complex community, in many aspects equivalent to a complete ecosystem.
In particular, protozoa can be considered to add further trophic levels to this community. By the measurement of variables integrating processes of energy (largely carbohydrate) and N metabolism, no global and in every aspect final conclusions on the diverse interrelationships and metabolism of ruminal organisms should be expected. Still, results of this study strongly confirm established views in rumen microbiology, while others contribute to raise new questions in this field, warranting further attention:
• Microbial populations without bacteria show considerably less organic matter degradation capacity;
• The presence of protozoa increases ammonium levels considerably;
• In bacteria-depleted populations, little propionate is produced;
• Gas production was higher in bacteria + fungi in relation to bacteria + protozoa.
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